Basal metabolic rate (BMR) is often predicted by allometric interpolation, but such predictions are critically dependent on the quality of the data used to derive allometric equations relating BMR to body mass ( ). An examination of the met-M b abolic rates used to produce conventional and phylogenetically independent allometries for avian BMR in a recent analysis revealed that only 67 of 248 data unambiguously met the criteria for BMR and had sample sizes with . The metabolic n ≥ 3 rates that represented BMR were significantly lower than those that did not meet the criteria for BMR or were measured under unspecified conditions. Moreover, our conventional allometric estimates of BMR (W;
Introduction
Understanding how animals partition energy into maintenance requirements, activity, growth, and reproduction and the evolution of patterns of energy allocation is a central goal of ecological and evolutionary physiology. Attempts to identify the sources of selection responsible for variation in the maintenance energy requirements of endotherms have typically focused on the minimum maintenance metabolic rate during normothermy, or basal metabolic rate (BMR; e.g., Elgar and Harvey 1987; Lovegrove 2000; Tieleman and Williams 2000; . BMR represents a well-defined baseline metabolic parameter measured under experimental conditions that do not elicit an increase in metabolic heat production above minimum maintenance levels, namely resting, postabsorptive, nongrowing, nonreproductive individuals at thermoneutral environmental temperatures during the rest phase of their circadian cycle (McNab 1997; Swanson 2003) .
One common approach to identifying metabolic adaptation involves the comparison of observed BMR with that expected on the basis of allometry (Reynolds and Lee 1996; Garland and Ives 2000; Lovegrove 2000; Tieleman and Williams 2000) . Typically, hypotheses concerning adaptation in BMR are tested by generating conventional and/or phylogenetically independent prediction intervals (Garland and Ives 2000) , with data falling outside these prediction intervals considered to differ significantly from the expected values. In the last 2 decades, considerable effort has been invested in developing the statistical procedures necessary to correct for the potentially confounding effects of phylogenetic relatedness when inferring adaptation (Felsenstein 1985; Harvey and Pagel 1991; Garland et al. 1992 Garland et al. , 1993 Garland and Ives 2000) . Although phylogenetically independent analyses have become widespread in comparative studies of energetic traits, several authors have questioned their validity (Westoby et al. 1995a (Westoby et al. , 1995b . Concerns have been raised as to whether such methods should be universally applied, and calls have been made for their selective application based on the degree of phylogenetic dependence exhibited by the trait(s) of interest (Ricklefs and Starck 1996; Björklund 1997) . The latter issue has recently been addressed by the development of an index of phylogenetic correlation, which provides a quantitative measure of the phylogenetic dependence of a data set (Pagel 1999) . Several avian and mammalian metabolic parameters have been found to exhibit strong phylogenetic dependence (Freckleton et al. 2002) .
In a recent analysis, Reynolds and Lee (1996) analyzed data for 254 bird species and demonstrated that the BMR of passerines and nonpasserines was not significantly different once the data were corrected for phylogenetic nonindependence. The allometric equations presented in the latter article have been widely used to predict avian BMR (Bosque et al. 1999; Williams 1999; Anava et al. 2001; McKechnie and Lovegrove 2001a; Rezende et al. 2001; Hambly et al. 2002) . However, Reynolds and Lee (1996) did not specify the criteria they used for data inclusion, and several authors have questioned the reliability of their allometric equations for BMR (Tieleman and Williams 2000; McNab 2001 ). The concerns raised by these authors prompted us to examine more closely the data analyzed by Reynolds and Lee (1996) . An inspection of the appendix in Reynolds and Lee (1996) reveals that a significant proportion of the data they included in their analyses did not meet the criteria that define BMR. For instance, data for Hydranassa spp. and Egretta thula were measured during the active phase of the circadian cycle (Ellis 1980) . In other cases, data that potentially represent values several times greater than BMR were included. For example, the datum for the wood stork Mycteria americana was originally obtained from Kahl (1962) . In this study, the metabolic rate of captive nestlings was estimated from food intake and growth rates, assuming an assimilation efficiency of 0.9. The value included by Reynolds and Lee (1996) as BMR for this species was the existence metabolism for 9-wk-old nestlings, calculated as total energy assimilation minus production estimated from growth rates (Kahl 1962) . We show that data inclusion criteria have a significant effect on allometric predictions of avian BMR and on the conclusions reached regarding deviations of observed BMR from expected values. We present conventional and phylogenetically independent allometries calculated using only data that meet the criteria for BMR and . In addition, we verify Reynolds and Lee's n ≥ 3 (1996) finding that the BMR of passerines and nonpasserines does not differ once phylogeny is accounted for.
Material and Methods
We consulted the original references for 248 of the 254 species for which BMR data were analyzed by Reynolds and Lee (1996; App. A) . These authors obtained most of their data from Appendix 1 of Bennett and Harvey (1987) , and we obtained the original sources for these data from Bennett (1986) . No reference was provided in the latter for Columba unicincta, and the data for Sula dactylatra, Pygoscelis papua, Megadyptes antipodes, and Aptenodytes patagonica were cited as unpublished data in Drent and Stonehouse (1971) , Brown (1984) , and Ellis (1984) . The datum for Crax alberti was cited by Lasiewski and Dawson (1967) as obtained from Benedict and Fox (1927) , but we could find no datum for this species in the latter article. We were unable to obtain an English translation of Gavrilov (1974; cited in Kendeigh et al. 1977) , but were able to obtain information on these data from Gavrilov (1997) .
Data Inclusion Criteria
For each species, we accepted the observed metabolic rate as BMR if it met the following criteria: (1) Measurements were made in normothermic individuals within the thermoneutral zone (TNZ), that is, the range of ambient temperatures ( ) at T a which metabolic rate was at a minimum. In several studies, measurements were made at only a single temperature, which the author(s) assumed to be within the TNZ (Yarbrough 1971; Vleck and Vleck 1979) . We assumed that in small species (!50 g), was within the TNZ. (2) Measurements 30ЊC ! T ! 35ЊC a were made in postabsorptive individuals, or it could be reasonably assumed that birds were postabsorptive on the basis of the time elapsed between feeding and the commencement of measurements. (3) Measurements were made during the rest phase of the circadian cycle in darkened chambers. Some highlatitude pelagic species appear not to exhibit a circadian rhythm of metabolic rate (Ricklefs and Matthew 1983) , and in such cases we accepted the minimum values observed during a 24-h period as BMR. (4) Estimates of BMR were from a sample of three or more individuals. We consider a minimum sample size of three to represent an appropriate compromise between the need to account for variation among individuals and the practical difficulties involved in measuring BMR in species that are difficult to obtain and/or to maintain in captivity. It can be argued that our criterion of a minimum sample size of three unnecessarily excludes additional BMR data that would increase the predictive power of our allometries (McNab 1997) . Since the BMR of an individual is equally likely to be greater than or less than the species mean, the inclusion of BMR data from one or two individuals should have little effect on the slopes or intercepts of BMR versus regressions. However, in this M b study, we attempted to reduce intraspecific variation between individuals by including only data measured in three or more individuals.
Wherever possible, we confirmed that metabolic measurements were made in adult, nonreproductive birds. In cases in which the age of the birds used was not specified, we assumed that adults were used. To increase the predictive power of our allometries, we obtained an additional 59 BMR data that met the above criteria (App. B), although our survey of the literature was not exhaustive. In a few cases, we replaced BMR data used in Reynolds and Lee (1996) with more recent data based on larger sample sizes (e.g., Colius striatus). When studies demonstrated seasonal variation in BMR (Liknes and Swanson 1996) , we calculated a mean value.
Data Analyses
For phylogenetic analyses, we constructed a phylogeny (Fig. 1 ) based primarily on Sibley and Ahlquist (1990) , using the phylogenies in Reynolds and Lee (1996) , Tieleman and Williams (2000) , McKechnie (2001) , Schleucher and Withers (2002) , and Figure 1 . Phylogeny for 126 avian species used in the analyses of basal metabolic rate, constructed using phylogenetic data from sources listed in the text. The total height of the phylogeny is 28.0 DT 50 H units (Sibley and Ahlquist 1990) . Tieleman et al. (2002) . We log 10 transformed all body mass ( ; g) and BMR (W) data before analyses. M b We used independent contrasts (Felsenstein 1985; Garland et al. 1992) to compare the BMR of passerines and nonpasserines and to calculate phylogenetically independent allometries and prediction intervals (Garland and Ives 2000) for our updated BMR data set (126 species). All analyses were carried out using the PDTREE module of PDAP (Garland et al. 1993 ). Reynolds and Lee (1996) standardized independent contrasts using a modified Box-Cox algorithm to determine the optimum branch length transformation. However, a recent reanalysis of their data found that passerines exhibit a relatively low rate of phenotypic evolution compared with nonpasserines and that differential branch length transformations were required to ad- equately standardize contrasts (Garland and Ives 2000) . Similar differences in the rate of phenotypic evolution to those observed by Garland and Ives (2000) were evident in our data set. After we raised all branch lengths to the power of Ϫ0.2 (the optimal branch length transformation determined using a modified Box-Cox procedure [Reynolds and Lee 1996] ), the absolute values of standardized contrasts for passerines were significantly smaller than those for nonpasserines (Mann-Whitney U p ; ). Hence, we followed the differential branch 2,926.5 P ! 0.001 length transformation approach suggested by Garland and Ives (2000) and rescaled the passerine subclade to a total height of 4.0, which resulted in adequate standardization of the contrasts (Mann-Whitney ; ) . For calculating the U p 3,808.5 P p 0.986 phylogenetically independent regression (Garland and Ives 2000) , we subtracted one degree of freedom for each of five soft polytomies in the phylogeny.
We also compared the BMR of passerines and nonpasserines using phylogenetically independent ANCOVAs (PI-ANCOVA) Note. Critical values for F were calculated as the ninety-fifth percentile of null distributions of F generated using the PDSIMUL module of PDAP (Garland et al. 1993) . Conventional critical values for F were obtained from Zar (1999) .
* Significance at . a p 0.95 after verifying homogenous slopes of the BMR versus re-M b gressions (Zar 1999 ; Table 1 ). PI-ANCOVAs were performed using the program PDANOVA on 1,000 tip values simulated by PDSIMUL (Garland et al. 1993) . The significance of conventional F statistics was tested against the critical F values for (95% percentile) of the PI null F distributions. We a p 0.05 generated PI null F distributions using four evolutionary models, following Reynolds and Lee (1996) : (1) gradual brownian with bounds, correlation set to that obtained from the regression of independent contrasts of the variables; (2) gradual brownian with bounds, correlation set to 0; (3) speciational brownian with bounds, correlation set to that obtained from the regression of independent contrasts of the variables; (4) speciational brownian with bounds, correlation set to 0. For bounds, we used a minimum of 1 g (the of the smallest M M b b extant bird species, Calypte helenae, is 1.6 g [Calder 1985 ]) and a maximum of 450,000 g (estimated for the extinct
Aepyornis maximus [Calder 1985]) . To obtain BMR bounds, we predicted BMRs for C. helenae and A. maximus of 0.035 W and 209.411 W, respectively, using a conventional regression of BMR and for the 126 species in our updated data set (dis-M b cussed subsequently). The bounds algorithm was set to "replace." No trends were set.
Results
Of the 248 data we examined, only 67 met all four of our criteria for inclusion in this analysis of avian BMR (App. A). An additional 80 data met the criteria for experimental conditions but represented or unspecified sample sizes (App. n ! 3 A). Of the remaining 101 data, 42 were not obtained under suitable conditions for the measurement of BMR. The remaining 59 data were obtained under conditions not adequately described to determine whether or not these data represent BMR (App. A).
The 67 metabolic rates that represented BMR with were n ≥ 3 significantly lower than the 101 metabolic rates that did not meet the criteria for BMR or that were measured under conditions that were not adequately specified (ANCOVA, F p 1, 167 ;
; Fig. 2 ). The conventional least squares re-8.833 P p 0.003 gression for the 67 good BMR data in Reynolds and Lee's (1996) data set was . The convenlog BMR p Ϫ1.462 ϩ 0.675 log M b tional least squares regression for our updated data set (126 species) was (Fig. 2) . The log BMR p Ϫ1.461 ϩ 0.669 log M b corresponding phylogenetically independent regression for our updated data set was . log BMR p Ϫ1.581 ϩ 0.677 log M b The independent contrast between the passerines and the nearest nonpasserine taxon fell within the 95% prediction intervals of a linear regression of standardized contrasts (Fig. 3 ). Conventional ANCOVA of both the 67 good BMR data from Reynolds and Lee (1996) and the updated data set of 126 species suggested that the BMR of passerines was significantly higher than nonpasserines (Table 1) . However, PI-ANCOVA of these data sets revealed no significant differences once phylogenetic relatedness was taken into account (Table 1 ).
Discussion
Our analysis shows that allometric equations based on the data set used by Reynolds and Lee (1996) overestimate expected BMR and can potentially lead to incorrect conclusions regarding physiological adaptation. There was significant variation within the data set used by Reynolds and Lee (1996) , corresponding with the conditions under which metabolic rate was measured. Since many of the data used by these authors to calculate regressions of BMR versus were not measured M b under the conditions required for BMR, their allometries are not appropriate for predicting avian BMR.
Our analyses are consistent with the dichotomy between the results of conventional and phylogenetically independent anal- M b indicate data that meet the criteria for BMR, and filled symbols indicate data that do not meet the criteria for BMR or were measured in less than three individuals. The classification of data follows that used in Appendix A. The solid line is the conventional least squares regression through the 126 BMR data ( ), and log BMR p Ϫ1.461 ϩ 0.669 log M b the dashed line is the conventional least squares regression calculated by Reynolds and Lee (1996) . yses of avian BMR (Reynolds and Lee 1996; Rezende et al. 2002) . Whereas conventional analyses show the BMR of passerines to be significantly higher than that of nonpasserines (Lasiewski and Dawson 1967; Zar 1968; Reynolds and Lee 1996; Rezende et al. 2002 ; but see also Prinzinger and Hänssler 1980) , phylogenetically independent analyses suggest that the higher metabolic rate of passerines reflects phylogenetic relatedness rather than adaptive variation (Reynolds and Lee 1996; Garland and Ives 2000; Rezende et al. 2002) .
Implications for Comparative Studies and Synthetic Analyses
Allometric equations calculated using only data that met the criteria for BMR and a minimum sample size of three predicted lower BMR than the equations presented by Reynolds and Lee (1996) . Over the range of 2 g-10 kg, BMRs predicted by M b our conventional linear regression were 10.9%-11.9% lower than predicted by the corresponding equation in Reynolds and Lee (1996) diction intervals from such PI equations need to be used with caution because they effectively assume that the species of interest diverged at the base of the phylogeny (Garland and Ives 2000) . A more biologically realistic approach to comparing observed BMR with expected values involves the calculation of prediction intervals based on the position of the species of interest within a phylogeny (Garland and Ives 2000) . Our phylogeny and and BMR data (in PDI format) are available M b for this purpose from the corresponding author.
The differences in predicted BMR between our equations based on 126 species and those predicted by Reynolds and Lee (1996) have important implications for hypothesis testing, using both conventional and phylogenetically independent methods. In a conventional analysis, data for six species (Otus asio, Podargus strigoides, Geophaps plumifera, Thinocorus rumicivorous, Scardefella inca, Lonchura fuscans) fall outside the lower 95% prediction interval for Reynolds and Lee's (1996) conventional regression but within the corresponding prediction interval for our equation. Hence, these species would be erroneously considered to exhibit BMR significantly lower than expected. Conversely, the data for Uria lomvia, Uria aalge, and Lullula arborea fall within the 95% prediction intervals for Reynolds and Lee's (1996) conventional regression but are outside the upper 95% prediction interval for our equation.
Phylogenetically independent prediction intervals, calculated for a particular species within a phylogeny (Garland and Ives 2000) , are likely to be similarly affected by the criteria used for data inclusion, particularly if the metabolic rates of closely related species were measured under different experimental conditions. For instance, the metabolic rate for Pterocles orientalis included by Reynolds and Lee (1996) represented BMR (Hinsley et al. 1993 ; App. A). However, the metabolic rates for two congeners, Pterocles bicinctus and Pterocles alchata, were not measured under the correct conditions for BMR (Hinsley 1992; Hinsley et al. 1993 ; App. A). Hence, phylogenetically independent prediction intervals for the BMR of P. orientalis, calculated using Reynolds and Lee's (1996) phylogeny, could easily lead to the erroneous conclusion that a low BMR has evolved in this species.
We have emphasized the importance of data inclusion criteria for generating allometries to predict avian BMR. However, the use of a single equation potentially obscures patterns of broadscale variation in BMR that should be taken into account when testing hypotheses concerning adaptation in BMR. For instance, Tieleman and Williams (2000) demonstrated that birds inhabiting desert habitats exhibit lower BMR than their mesic counterparts and presented equations that predict BMR for desert and mesic species, respectively. These authors used criteria for BMR similar to those in the present study. In mammals, the slopes of regressions of BMR versus vary among zoogeo-M b graphic zones and among size classes (Lovegrove 2000) . Moreover, the BMR of small mammals exhibits a slow-fast continuum, with the high and low extremes of the continuum associated with colder, highly seasonal environments at higher latitudes and warmer, less predictable habitats at lower latitudes, respectively . Zoogeographical variation in avian BMR has received considerably less attention, although a conventional analysis demonstrated a correlation between avian BMR and ambient temperature (Weathers 1979) .
The need for careful selection of data also has implications for the current interest in the allometric scaling of metabolic rate (Darveau et al. 2002; West et al. 2002) . Darveau et al. (2002) have criticized single-cause models seeking to explain metabolic rate allometry (e.g, West et al. 1999; Banavar et al. 2002) . Instead, Darveau et al. (2002) have proposed a multiplecauses model based on the concept of multiple metabolic control sites, where the overall scaling exponent is determined by the scaling exponent and control contribution of each major step in energy demand and supply pathways. This allometric cascade approach predicts that variation should exist in the scaling exponents of endotherm BMR (Darveau et al. 2002) , as has been demonstrated in mammals by Lovegrove (2000) . Our examination of the importance of data inclusion criteria suggests that careful selection of data from the literature will be a critical aspect of future studies that seek to demonstrate similar variation in the scaling of avian BMR or to elucidate the mechanisms underlying such variation.
Avian BMR: Additional Considerations
One major potential shortcoming of current allometries for avian BMR, including those we have presented in this article, is the implicit assumption that BMR is a static metabolic parameter. There is increasing evidence that the BMR of many species is temporally variable (for a review, see Swanson 2003) . Temporal variation in BMR has been correlated with thermal acclimatization/acclimation (Dawson and O'Conner 1996) , habitat aridity (Ambrose and Bradshaw 1988) , and migratory disposition (Piersma et al. 1995; Lindstöm 1997; Swanson and Dean 1999) . However, patterns of temporal variation in avian BMR differ within and among species, and at present, few generalized patterns are evident (Swanson 2003 ).
An additional potential source of variation in measures of avian BMR concerns the fact that in some studies, the reported BMR represented the mean metabolic rate over the entire restphase, whereas in other studies, the minimum value observed during the rest phase was considered to represent BMR (Bennett and Harvey 1987) . Of the 126 BMR data in our updated data set, 36 represented mean metabolic rate, 76 represented minimum metabolic rate, and the remaining 14 data were unspecified. The 36 data based on mean metabolic rates did not differ significantly from the 76 data representing minimum levels (ANCOVA, ; ). F p 1.540 P p 0.217 1, 111 Finally, few studies have investigated the effects of time since capture and stress associated with experimental conditions on measurements of avian BMR. Weathers et al. (1983) investigated the effects of time in captivity on the BMR of apapanes (Himatione sanguinea) and found that the BMR of freshly caught birds was similar to that of long-term (1 yr) captives. However, the observed BMR was approximately 30% higher than the value previously measured in birds from the same population, raising questions about the influence of experimental protocol on BMR (Weathers et al. 1983) . A more dramatic example of variation in BMR measurements concerns the green woodhoopoe (Phoeniculus purpureus). Williams et al. (1991a) reported a BMR of 0.666 W for this species, but BoixHinzen and Lovegrove (1998) subsequently observed a BMR of 0.173 W, equivalent to 26% of the earlier value, and the lowest avian BMR relative to allometrically predicted values of which we are aware. In the former study, metabolic rates of woodhoopoes were measured during trials lasting 1 h, conducted between 2000 and 2400 hours. Rest phase body temperature ( ), measured at the end of each trial using a ther-T b mocouple inserted into the proventriculus, averaged 39.7ЊC (Williams et al. 1991a ). In Boix-Hinzen and Lovegrove's (1998) study, however, was measured using surgically implanted T b telemeters, and metabolic rate was measured over 24 h at a constant , during which time the birds were undisturbed. The T a minimum rest phase observed in this study was 37.7ЊC. The T b differences in BMR and between these two studies may well T b reflect differing levels of stress associated with the respective experimental protocols. More compelling evidence that measurements of BMR may be affected by stress associated with laboratory conditions is provided by Weimerskirch et al. (2002) . These authors used heart rate monitors to estimate energy expenditure in free-ranging wandering albatrosses (Diomedea exulans) during the incubation period. The relationship between heart rate and metabolic rate was determined by capturing albatrosses and measuring both parameters simultaneously in a metabolic chamber (Weimerskirch et al. 2002) . The BMR during these laboratory measurements was equivalent to 163% of the BMR estimated for incubating (i.e., free-ranging) birds (Weimerskirch et al. 2002) . Collectively, these observations suggest that avian metabolic rates are sensitive to the experimental conditions under which they are measured, and considerable care needs to be taken to measure BMR in individuals that are not stressed.
Conclusions
Analyses of BMR remain widespread in the comparative physiology literature and have proven fundamental to understanding selection acting on endotherm metabolic parameters (Lovegrove 2000 . The ability of such analyses to identify metabolic adaptation has been greatly enhanced by the development of comparative methods that take into account the statistical nonindependence of data (Felsenstein 1985; Harvey and Pagel 1991; Garland et al. 1992 Garland et al. , 1993 Garland and Ives 2000) . The validity of the conclusions reached in these analyses, however, remains strongly dependent on data quality. Our critical examination of Reynolds and Lee's (1996) analysis of avian BMR highlights some of the problems that can arise from indiscriminate data inclusion and emphasizes the need to carefully select data for synthetic analyses.
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